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Abstract of Thesis 
Shape memory alloys such as NiTiHf and NiTi have the ability to generate large 
recovery stresses when they are constrained after pre-straining and then heated above their 
Austenite Finish Temperature (Af). In this work Ni49.9Ti50.1 (at.%), the most well-known 
SMA with impressive shape memory properties but limited temperature range and 
Ni50.3Ti29.7Hf20, a promising high temperature shape memory alloy, were characterized to 
reveal their stress generation capabilities. The effects of pre-straining on stress generation 
were investigated via martensite reorientation method of NiTi and NiTiHf alloys by 
loading the samples till preselected values, unloading and then heating when the initial 
phase was martensite.  
Moreover, an alternative stress generation testing, superelastic pre-straining, by 
loading the samples till preselected values in superelastic testing and then heating was 
employed to reveal stress generation capabilities of NiTiHf single crystals. It was revealed 
that stress generation via superelastic response can extend the temperature range for 
envisioned applications and can result in higher maximum working stress levels. 
Additionally, the orientation dependence of the recovery stress generation capabilities of 
Ni50.3Ti29.7Hf20  (at.%) single crystals were assessed along the orientations of [111], [110] 
and [100] and compared to NiTi and NiTiHf  polycrystalline alloys. 
It is revealed that the amount of stress generation depends greatly on the orientation, 
pre-straining amount and the testing temperature (or pre-stress amount) of the material. 
Maximum working stress of higher than 2 GPa was generated after superelastic loading in 
the [111]-oriented NiTiHf single crystals. Moreover, in the same material, recovery stress 
of 1.24 GPa was generated after pre-straining at room temperature via martensite 
reorientation.  
It was revealed that superelastic testing results in high maximum working stress but 
lower stress generation and can operate at higher temperatures compared to martensite 
reorientation method. Combined use of martensite reorientation and superelastic pre-
straining methods could result in broad operation temperature and stress range for 
constrained recovery applications of shape memory alloys. 
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Alloys 
Utsav Shah 
(Name of Student) 
05/01/2020 
Date 
Stress Generation in Ni50.3Ti29.7Hf20   Shape Memory Alloys 
By 
Utsav Shah 
Haluk E. Karaca 
Director of Thesis 
Alexandre Martin 
Director of Graduate Studies 
05/01/2020 
          Date 
iii 
ACKNOWLEDGEMENTS 
“It is not possible to prepare a thesis without the assistance and encouragement of other 
people. This one is certainly no exception.” 
At the very outset of this thesis, I would like to extend my sincere and heartfelt 
obligation towards my advisor, Dr. Haluk Karaca. Without his tremendous support, 
guidance and help, I would not have made headway in this research. I wouldn’t have been 
able to successfully defend my thesis without his continuous encouragement.  
I would like to express my sincerest thanks to Dr. Y. Charles Lu and Dr. Juluis 
Schoop for being in my advisory committee.  
I would also like to thank my seniors Ehsan Saghaian and Guher Pelin Toker for 
providing me with unbound assistance as well as their continuous guidance and support – 
technical as well as moral.  
I will be forever indebted to my father, Ashish Shah and mother, Bhavini Shah for 
supporting me in my endeavor to obtaining a Master’s degree. Special thanks go to my 
friends, Sparsh Ganju, Apurva Shikhare, Shreyash Sayankar and Siddharth Trivedi, who 
took care of me and became my family, away from my parents, here in the U.S.  
iv 
Table of Contents 
ACKNOWLEDGEMENTS ............................................................................................... iii 
List of Figures ..................................................................................................................... v 
List of Tables ..................................................................................................................... vi 
1 Chapter One: Introduction ........................................................................................... 1 
1.1 Motivation and purpose of the research ................................................................... 1 
1.2 Shape Memory Martensitic Transformation ............................................................ 3 
1.3 Differential Scanning Calorimetry ........................................................................... 4 
1.4 Shape Memory Effect .............................................................................................. 6 
1.5 Superelasticity .......................................................................................................... 7 
1.6 Commonly used Shape Memory Alloys .................................................................. 8 
1.7 NiTiHf and NiTiZr ................................................................................................. 10 
1.8 Orientation dependence of Shape memory Alloys and Significance of Single 
Crystals .......................................................................................................................... 12 
1.9 Recovery Stress Generation ................................................................................... 17 
2 Chapter Two: Experimental procedure: .................................................................... 22 
2.1 Introduction ............................................................................................................ 22 
2.2 Material Fabrication and Preparation..................................................................... 22 
2.3 Thermo-mechanical Tests ...................................................................................... 23 
3 Chapter Three: Results and Discussion ..................................................................... 26 
4 Conclusion: ................................................................................................................ 57 
5 Future Work:.............................................................................................................. 58 
References ......................................................................................................................... 59 
VITA ................................................................................................................................. 63 
v 
List of Figures 
Figure 1-1 Generalized DSC Graph [13] ......................................................................................... 4 
Figure 1-2 Generalized shape memory behavior under stress [14] .................................................. 5 
Figure 1-3 Typical Shape Memory response in SMAs [13] ............................................................ 6 
Figure 1-4 Generalized Superelastic response in SMAs [15] .......................................................... 7 
Figure 1-5 Variation in Ms temperature as a function of Ni concentration [22] ............................. 9 
Figure 1-6 Schematic diagram of a loading cycle (transformation) in a single crystal NiTi alloy 
[31] ................................................................................................................................................. 13 
Figure 1-7 Influence of orientation on pseudo-elastic response on NiTi shape memory single 
crystals [5] ...................................................................................................................................... 14 
Figure 2-1 KNUTH Smart EDM [13] ............................................................................................ 23 
Figure 2-2 MTS Landmark servo-hydraulic test platform [13] ..................................................... 24 
Figure 3-1 Schematic Interpretation of Constrained Recovery in SMAs ...................................... 27 
Figure 3-2 Schematic Diagram of Stress Generation Process ....................................................... 28 
Figure 3-3 (a) Pre-straining at room temperature and (b) Stress Generation at selected strain 
values in Ni49.9Ti50.1 alloy ............................................................................................................... 30 
Figure 3-4 (a) Pre-straining of Ni50.3Ti29.7Hf20 at room temperature and (b) Stress Generation in 
Ni50.3Ti29.7Hf20 ................................................................................................................................ 32 
Figure 3-5 Schematic Diagram of Modified Stress Generation Procedure .................................... 33 
Figure 3-6 - (a) Superelastic response of [111] oriented Ni50.3Ti29.7Hf20 and (b) Loading up to pre-
selected values of strain above Af temperature .............................................................................. 35 
Figure 3-7 - Stress vs Temperature in [111] oriented Ni50.3Ti29.7Hf20 from 170°C  to 300°C ........ 36 
Figure 3-8 - Stress generation in Ni50.3Ti29.7Hf20 [111] above Af temperature ............................... 37 
Figure 3-9 - Stress generation in Ni50.3Ti29.7Hf20 [111] above Af temperature after stopping the 
pre-straining process halfway during the loading as well as the unloading cycle. ........................ 40 
Figure 3-10 (a) Pre-straining response of Ni50.3Ti29.7Hf20 polycrystals and (b) Stress-Generation in 
Ni50.3Ti29.7Hf20 polycrystals at room temperature ........................................................................... 41 
Figure 3-11 Constant stress thermal cycling and (b) Pre-straining response under 100 MPa at 
room temperature in [110] oriented Ni50.3Ti29.7Hf20 ....................................................................... 43 
Figure 3-12 Pre-straining response in Ni50.3Ti29.7Hf20 [110] under 300 MPa ................................. 43 
Figure 3-13 (a) Pre-straining at room temperature and (b) Constant stress thermal cycling in [100] 
oriented Ni50.3Ti29.7Hf20 .................................................................................................................. 45 
Figure 3-14 (a) Pre-straining after constant stress thermal cycling and (b) Loading-Unloading at 
140 0C in [100] oriented Ni50.3Ti29.7Hf20 ......................................................................................... 46 
Figure 3-15 Ni50.3Ti29.7Hf20 [100] Pre-straining response above Af temperature ........................... 46 
Figure 3-16 One of the unloading cycles from NiTiHf [111] stress generation experiments ........ 47 
Figure 3-17 Comparison between calculated and experimental stress generation values plotted (a) 
with respect to εactual and (b) with respect to εdiff. ........................................................................... 49 
Figure 3-18 A cumulation of all the results of stress generation experiments in this study plotted.
 ....................................................................................................................................................... 53 
Figure 3-19 A real-world application of the stress generation results obtained in this study. ....... 55 
vi 
List of Tables 
Table 1 Transformation Temperatures of the alloys used in this study ............................ 25 
Table 2 Ni49.9Ti50.1 Polycrystals ........................................................................................ 50 
Table 3 Ni50.3Ti29.7Hf20 Polycrystals ................................................................................. 50 
Table 4 Ni50.3Ti29.7Hf20 [111] Single crystals .................................................................... 50 
Table 5 Ni50.3Ti29.7Hf20 [111] Single crystals (Superelastic stress generation experiment)
........................................................................................................................................... 54 
1 
1 Chapter One: Introduction 
1.1 Motivation and purpose of the research 
Shape memory alloys are a special kind of materials that are programmed to 
remember their original shape even after they are bent. They return to their original 
dimensions when heated. This phenomenon is called shape memory effect. They exhibit 
and switch between two solid crystalline structures. They remember one crystalline 
structure at low temperatures called martensite which is flexible and easy to shape, while 
another crystalline structure at high temperatures called austenite which is more 
challenging to deform. One remarkable thing about shape memory alloys is that they switch 
between the martensite and austenite forms as the material can be bent in the martensite 
form but upon heating, it reverts back to its original shape (programmed) in austenite state. 
The most commonly used shape memory alloys are Nickel-Titanium and Copper-
Aluminum-Nickel. Apart from these, there are various combinations of materials that can 
be used to form shape memory alloys such as Cu-Al-Ni Fe-Mn-Si and Cu-Zn-Al. The 
reason why Ni-Ti (also known as Nitinol) is so commonly used is because of its superior 
properties such as affordability, stability, thermal and mechanical performance, and 
resistance to corrosion. 
While Ni-Ti alloys do show good shape memory effect, they don’t perform quite 
well over 100°C (low transformation temperatures) and show low stability at high 
temperatures. Due to these reasons, NiTi SMAs are not used at high temperatures and 
hence, Ni-Ti based shape memory alloys have been explored in order to increase their 
transformation temperatures and stability at high temperatures. This can be achieved by 
alloying Ni-Ti alloys with other alloys thus, forming ternary alloys. The most commonly 
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used elements for this purpose are Hf, Zr, Pt, Pd and Au. When these elements are added 
to NiTi SMAs, NiTiX High-Temperature Shape Memory Alloys (HTSMA) are formed, X 
being either one of the above-mentioned elements. Hf and Zr are more often utilized 
because of the high cost of Pd, Pt and Au in developing High-Temperature Shape Memory 
Alloys. Also, the NiTiHf are found to be the most promising as high temperature SMAs 
due to their high strength and great shape memory behavior at a considerably lower cost 
[1]–[3].  
Many different industries such as aerospace and automotive have shown their 
interest in High Temperature Shape Memory Alloys that possess great strength and are 
light weight. Also, these HTSMAs can be utilized in producing actuators that are tough, 
simpler to maintain and do not need any additional pneumatic/hydraulic lines to work [4], 
[5]. Some of the aerospace applications of HTSMAs include their use in aircraft engines 
particularly in the turbine and compressor areas where clearance is required, blades that 
can alter shape, couplers for fuel lines, safety switches, devices that can control the 
optimum flow rate, etc. [6][7]. NiTiHf has extensive applications in the temperature range 
of 100°C to 300°C [5].  
There have been many researches in the past that has proved that shape memory 
properties such as hysteresis, recovery stress generation, transformation temperatures, etc. 
depend on microstructure orientation. Also, in addition to the orientation dependence, 
studies include many aspects of NiTi single crystals such as the effects of aging on the 
shape memory responses, cyclic deformation behavior and tension-compression symmetry 
[8]–[10]. In most of the studies, two main properties that have been investigated are shape 
memory effect and superelasticity. The recovery stress generation in shape memory alloy 
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has been very useful but often neglected property [11]. However, limited studies have been 
conducted on the recovery stress generation characteristics of shape memory alloys, up to 
date. Hence, the purpose of this study is to investigate the stress generation capacity of 
Ni50.3Ti29.7Hf20 polycrystals and single crystals along different orientations and compare it 
to Ni49.9Ti50.1 shape memory alloy. 
 
1.2 Shape Memory Martensitic Transformation 
 
Phase transformation takes place in various materials under the influence of stress 
or change in temperature. Martensite is formed without any interchange of the surrounding 
molecules, which is also known as diffusion less transformation. This transformation 
occurs during the cooling cycle of shape memory alloys followed by a heating cycle and 
takes place four specific types of temperature. During the cooling cycle, the transformation 
of martensite starts at martensite start temperature (Ms) and completes transforming into 
austenite at martensite finish temperature (Mf). In the same way, while heating, the 
transformation of martensite into austenite starts at austenite start temperature (As) and the 
transformation is completed at austenite finish temperature (Af). This specific kind of 
change in crystal structure takes place upon cooling of shape memory alloys, along with 
NiTinol. Austenite, also known as parent phase, is found at high temperature while 
martensite is formed by quickly cooling austenite. The reversible transformation between 





1.3 Differential Scanning Calorimetry 
 
 Figure 1-1 below shows a generalized DSC (Differential Scanning Calorimeter) 
graph obtained during the phase transformation of a shape memory alloy. These 
transformations are also known as zero stress because no stress has been applied externally. 
The DSC device is used to calculate the transformation temperatures, enthalpy and latent 
heat [12]. The peaks seen in the graph below represent phase transformation and the 
transformation temperatures can be determined with the help of tangential method and 
integration of the area between the transformation temperatures gives the change in 
enthalpy during the phase transformation. As discussed above, the cooling cycle results in 
re-orientation/detwinning of the martensite phase while the heating cycle transforms the 
martensite back to the austenite. 
 
 




 Figure 1-2 below shows the typical shape memory behavior of SMAs under stress. 
Transformation temperatures can be determined in the same way as above by tangent 
method. The temperature hysteresis can be determined from the difference in temperature 
at the midpoint of heating and cooling curves. The total strain can be obtained by 
calculating the distance between the martensite start temperature points on the heating and 
cooling curves. This kind of experiment consists of applying constant stress on the material 
above austenite finish temperature and cool it below martensite finish temperature. Hence, 
the material starts transforming into martensite. To recover the material back to its austenite 
phase, it is heated above Af. Total recovery cannot be obtained if the material is stressed 
enough to cause plastic deformation. 
 
 





1.4 Shape Memory Effect 
 
 The figure 1-3 below shows a schematic diagram of shape memory effect in SMAs. 
Shape memory alloys are a special kind of materials that are programmed to remember 
their original shape and even after they are bent. This phenomenon is called shape-memory 
effect. They behave in a different way. They exhibit and switch between two solid 
crystalline structures. They remember one crystalline structure at low temperatures called 
martensite which is flexible and easy to shape, while another crystalline structure at high 
temperatures called austenite where they are solid and more challenging to deform. 
  
 
Figure 1-3 Typical Shape Memory response in SMAs [13] 
 
Shape memory effect is based on the phenomenon of thermoelastic martensitic 
transformation which is a crystalline phase change. The macroscopic structure of shape 
memory alloys is self-accommodating below the transformation temperature. In this state, 
the SMAs are martensitic. Upon heating the material above the transformation temperature, 
it regains its original shape and transforms into austenite phase. Hence, it can be said that 
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on application of external stress to a self-accommodated microstructure, it is possible for 
reorientation/detwinning to occur resulting in shape change. When the load is released, it 
retains new configuration. When the material is heated above the austenite finish 
temperature, the detwinned martensite transforms back to austenite. 
1.5 Superelasticity 
 
 The figure 1-4 below represents the schematic diagram of superelasticity in shape 
memory alloys. During the loading cycle, detwinning of martensite takes place and at the 
end, it is fully detwinned. When the stress is removed, the reverse martensitic 
transformation begins. During the unloading cycle, martensite recovers elastically and 
following the elastic recovery, is the martensite to austenite transformation. Similarly, at 
the end of the plateau, the austenite recovers fully, but only if there is zero plastic 
deformation. This process is known as Pseudo-elasticity or Superelasticity. 
 






1.6 Commonly used Shape Memory Alloys 
 
 NiTi alloys are the most commonly used shape memory alloys because of their 
strong properties and affordability. As a result of advancement in technology and 
manufacturing capabilities, NiTi shape memory alloys are commercially available for use 
in various industrial, automotive, aerospace and medical fields, where temperatures are 
below 100°C, especially due to their shape memory properties, mechanical properties, 
ductility [4]. There are other commercially available shape memory alloys like CuZnAl 
and CuAlNi but NiTi has been the most value of money choice.  
 In near equi-atomic NiTi SMAs, which is used in this research, high temperature 
austenite phase is B2 cubic structure, low temperature martensite has B19’ monoclinic 
structure or B19 orthorhombic structure and R-phase which has rhombohedral structure 
[16]. When a SMA is heated and cooled slowly to remove the internal stresses and 
strengthen its structure, it transforms from cubic B2 to monoclinic B19’50. This 
transformation is called one stage since it involves only two structures. In some cases, there 
are still some internal stresses present in the material, in which case the rhombohedral R-
phase might get introduced. Hence, in such cases, the cubic B2 austenite first transforms 
into R-phase which is known as two step transformation and then the R-phase transforms 
into monoclinic B19’ at the time of cooling while the B19’ phase directly transforms into 
B2 upon heating [17]. The shape memory and mechanical properties of NiTi SMAs depend 
a lot on the content of nickel in the composition. For instance, equi-atomic NiTi SMAs 
does not depend on aging and have poor cyclic stability as compared to that of the NiTi 
alloys with more than 50.6% Ni-content [18]. Advantages of Equi-atomic NiTi SMAs are 
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its high transformation temperatures for medical utilization whereas disadvantages include 
poor strength and dimensional stability [19]. 
The figure 1-5 below demonstrates the influence of amount of Ni on martensite 
start temperature (Ms). With the increasing amount of Ni in the alloy, TTs significantly 
decrease while there is almost no influence of composition on TTs with increasing amount 
of Ti in the alloy. As shown in the figure below, martensitic transformation is the result of 
dependency of shape memory alloys’ deformation on the change in temperature. For 
instance, material is plastically deformed without achieving complete recoverable SE 
below austenite finish temperature whereas the material will deform just like a traditional 
material when it is heated over critical TTs [20]. Besides thermo-mechanical treatments, 
there are also other ways to alter transformation temperatures such as alloying NiTi SMAs 
with ternary element such as Pd, Pt, Zr, Au and Hf [21] which will be discussed in the next 
topic. 
 




1.7 NiTiHf and NiTiZr 
 
Alloying NiTi SMAs with Zr also displays good HTSMA characteristics at an 
affordable rate since, it is less costly compared to Pd and Pt. Not much research has been 
done on the shape memory behavior of NiTiZr alloy, but it has been reported that they 
show poor cyclic and dimensional stability even after several cycles [23]. The amount of 
Zr has a similar effect on the shape memory properties as NiTiPd. For instance, if the 
amount of Zr is more than 10%, there is an increase in TTs and if it is more than 20 at. %, 
the martensite B19’ structure changes to B19 and results in decrease in recovery ability 
with increasing amount of Zr. whereas if the amount of Zr is less than 20 at. %, one step 
transformation (B2 -> B19’) can be observed. [5], [24] 
The two highly researched upon HTSMAs are NiTiHf and NiTiZr. Alloying Hf 
with the binary NiTi has always been a more profitable method for improving shape 
memory properties. It has been reported several times that addition of Hf more than 10% 
to a binary NiTi increases its transformation temperatures drastically [5]. It was reported 
by Angst et al. [25] and Besseghini [26] that with the amount of Hf locked at 10 %, and 
varying amounts of Nickel, the transformation temperatures can be altered. For instance, 
increasing the content of Ni more than 50 % results in dramatic decrease in TTs while they 
remain almost identical with the amount of nickel between 40 and 50 %. Similarly, altering 
the content of titanium in NiTiHf alloys also changes the shape memory properties. 
Research conducted by Meng et al.  shows that there was no formation of stress plateau at 
ambient temperature but high work hardening, and continued yielding was observed, all of 
which can be because of the weak martensite peak temperature and deficiency in the 
structure obstructing martensite reorientation.  
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Also, NiTiZr shape memory alloys exhibit identical properties compared to NiTiHf 
and other shape memory alloys [5]. Both of these shape memory alloys display stable 
reversible transformation and great mechanical strength.[27] With more than 10 at.% Hf 
addition to NiTi SMA alloy, it is known that the transformation temperatures of NiTiHf 
alloy linearly increase whereas the TTs do not increase considerably with Hf content less 
than 10 at.%. We also know that the TTs reach close to 525°C when Hf is added at 30 at.% 
at the expense of Ti which results in the whole composition being stoichiometric or Ni-
lean [25], [28].  For this reason, the Ni-rich NiTiHf alloys were not much investigated up 
till Meng et al. [29] found that Ni-rich NiTiHf is capable of forming precipitates by 
increasing their TTs above 100°C. Due to this, the micro-structure strength and thermal 
stability of TTs are enhanced. Afterwards, Bigelow et al. [30] showed that Ni-rich NiTiHf 
system display extra-ordinary dimensional stability along with great shape memory 
behavior. 
In the past, the majority of the experiments were done using Ti + Hf rich NiTiHf 
shape memory alloys due to Ni-rich NiTiHf alloys exhibiting low transformation 
temperatures. But, Ti-rich NiTiHf requires a large amount of stress for detwinning and 
martensite reorientation which results in poor cyclic stability. Moreover, when compared 
to NiTi, it shows low strength, low resistance to plastic deformation even at low stress 
values and also, temperature hysteresis larger than 50 °C leading to worse mechanical 





1.8 Orientation dependence of Shape memory Alloys and Significance of Single 
Crystals 
 
 The shape memory alloys in the single crystal format plays a very important role in 
improving the shape memory and mechanical properties of the material because of no 
presence of the grain boundaries and uninterrupted crystal structure upto to the margin of 
the sample. As a result of absence of grain boundaries, the defects associated with them 
are also absent which in turn improves the properties. When compared to the research done 
on the polycrystalline SMAs, the research on single crystals is very minimal especially, 
given the fact that shape memory behavior of a polycrystalline SMA is hard to fathom 
without understanding that of single crystal SMAs. [31].  
The figure below shows a schematic diagram [31] of a loading curve in a Nickel-
Titanium single crystal. It can be clearly seen that initially, due to loading, the martensite 
in the parent phase starts reorienting and forms a twinned martensite, which can be seen 
from the first curve in the figure below. Further loading results in formation of detwinned 
martensite which can be seen by the second curve and leads to the end of the plateau with 
the completion of martensite transformation. The phenomenon of twinned martensite can 
be explained by the transformation of the austenite phase into twin plates of martensite 
separated by channels which is also known as self-accommodation. These twin plates are 
called Correspondent Variant Pair (CVP) and when one of these plates increases in size at 




Figure 1-6 Schematic diagram of a loading cycle (transformation) in a single 
crystal NiTi alloy [31] 
 
As reported previously by Bigelow et. al, [33] a NiTiHf single crystal, at high 
temperature, displayed exceptional work output along with tremendous dimensional 
stability. In addition, even at high stress values of 1.5 GPa, the material exhibited shape 
memory behavior equivalent to three times that of polycrystalline material. The single 
crystals showed an extraordinary superelasticity at stresses over 3 GPa combined with 
complete recoverability at strain values as high as 4%. Hence, it can be said that by 
increasing the amount of research into single crystals along different orientations, an ideal 
material with much better shape memory properties could be manufactured without 
affecting the superb inherent microstructure stability that comes with a HTSMA. The 
biggest advantage of utilizing single crystals is not dealing with grain boundaries and the 
imperfections that come with it. 
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 The figure 1-7 below displays the graph of stress versus strain results of different 
orientations of Ni50.8Ti49.2 SMAs. [5]. From the research done in compression setup, it was 
found that several CVPs (Correspondent Variant Pairs) were formed at the time of 
martensite transformation under constant stress along the (111) and (112) orientations. As 
a result, the plateau region showing transformation in Ni50.8Ti49.2 single crystals exhibit 
large hardening and critical stress required for plastic deformation comes up quickly. [8], 
[32]. On the contrary, only one correspondent variant pair was observed along the (148) 
oriented Ni50.8Ti49.2 single crystals, as a result of which, this orientation exhibits weak 
hardening, does not reach critical stress and transformation strain values remain around 
theoretical data. 
 
Figure 1-7 Influence of orientation on pseudo-elastic response on NiTi shape 




It is also very well known that different orientations have different effects on shape 
memory properties such as hysteresis, transformation strain, recovery stress, etc. as well as 
strength, ductility, etc. [8], [32], [34]–[37]. It was found that NiTi material with [1 1 1] 
orientation shows 3.6% and 10.3% transformation strain in compression and tension, 
respectively while the same material with [0 0 1] orientation shows 4.2% and 2.7%, 
respectively [32]. Hence, in order to remove the difficulties arising from grain boundaries, 
working with single crystals is significantly beneficial. The Ni50.3Ti29.7Hf20 shape memory 
alloys have been investigated in polycrystalline and single crystalline forms. The NiTiHf 
single crystals in [1 1 1] orientation exhibited good shape memory behavior with 
transformation strain found at 3% under high stress level of up to 1000 MPa and perfect 
superelastic response at high temperatures (200°C) [38]. The polycrystalline NiTiHf alloy 
showed recovery stress nearing 1 GPa in tension and -1.3 GPa in compression with pre-
strains of 1.5% and 2% respectively [39]. 
It has been reported many times in the past that different orientations can alter the 
shape memory and mechanical properties of NiTi alloys, such as temperature hysteresis, 
Clausius-Clapeyron slope, TTs, transformation strain, ductility and strength, in different 
ways [35][40][41]–[44]. A number of researchers studied the transformation and shape 
memory properties in NiTi single crystals in different orientations. Sehitoglu et al. [8], [32] 
studied the NiTi single crystals along the [1 1 1] orientation with composition Ni51.5Ti48.5 
and Ni50.8Ti49.2 and found yield strengths in the range of 2000 MPa and transformation 
strain around 3% respectively. Similarly, Takei et al. and Miyazaki et al. [45], [46] 
investigated the martensitic transformation and superelasticity in Ni49.7Ti50.3 single crystals 
and shape memory properties in Ni50.3Ti49.7 respectively.  
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Polycrystalline shape memory alloys consist of grains dispersed in various 
orientations and can exhibit similar shape memory properties as a single crystal if it 
possesses a microstructure similar to that of the single crystal. This microstructure can be 
altered to exhibit similar shape memory behavior as a specific single crystal orientation by 
thermo-mechanical processes such as thermal cycling, cold/hot rolling or cutting the 
material along desired directions. The only disadvantage in doing this is the risk of 
permanent deformation.  
There have also been various studies to determine the influence of different 
orientations on shape memory properties when the material is undergone various thermo-
mechanical treatment such as aging effects on shape memory behavior [8], cyclic 
hardening in [148] and [112] oriented NiTi single crystals [9], shape memory properties of 
[148], [112], [001] and [111] NiTi single crystals [32], tension-compression asymmetry 
along [100], [110] and [111] orientations (39 from T4).  
Similarly, studies have also been conducted on Ni50.3Ti29.7Hf20 single crystals to 
check the orientation dependence of its shape memory properties. These single crystals 
were investigated along [001], [110] and [111] orientations with H-phase precipitates 
(known to increase TTs and improve thermal hysteresis) already present in the 
microstructure [47][38]. It was reported that the [111] oriented single crystals showed 3% 
transformational strain, a max. Work output of 30 Jcm-3 and almost perfect superelasticity, 
even around 200°C temperature whereas [001] displayed only a small amount 
transformational strain less than 1%, which didn’t had much influence of stress even as 
high as 1500 MPa and [110] crystals showed around 3.5% transformation strain at 700 
MPa applied stress.  
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An extensive research was done by Saghaian et al. on the same orientations as 
mentioned above but all the specimens were solutionized and aged. It was reported that 
[001] oriented single crystal showed very minimal plastic deformation even at stress as 
high as 1500 MPa but no superelasticity and low transformation strain was observed. [111] 
single crystals showed 3.7% and 2.5% recoverable strain at 1000 MPa and perfect 
superelasticity at 40-120°C and 120-180°C for solutionized and aged specimen 
respectively. Similarly, [0 1 1] displayed 3.6 % and 3.1 % transformation strain at 700 MPa 
and perfect superelasticity at 40-120°C and 120-180°C in solutionized and aged specimen, 
respectively. 
 
1.9 Recovery Stress Generation 
 
In recovery stress generation experiments, a material is heated in martensite phase 
and it tries to transform into austenite phase. If it is dimensionally constrained during this 
transformation, stress is generated due to it not being able to transform which is known as 
recovery stress [48]. The heating is followed by unloading and cooling which gradually 
relaxes the stress to a minimum amount depending upon previous deformations, but it has 
also been discovered that there may be a little stress generation while cooling [49].  
The recovery stress in SMAs (upon constrained heating after a deformation in 
martensite) can be increased by improving mechanical properties as well as alloying with 
ternary material, precipitate hardening, grain refinement,  but the most effective of them 
all is pre-straining the martensite phase [11], [50], [51]. In all these studies, the generated 
stress typically increased linearly as a function of temperature [11], [48]. Pre-straining 
increases the amount of oriented martensite which in turn increases the strength of the alloy 
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which results in higher stress generation [48], [50], [51]. Benafan et al. [52] reported that 
the stress generation begins with the start of reverse transformation and is due to the 
reoriented and detwinned martensite being transformed to austenite. Jiang et al. [53] have 
described that the generation of recovery stress was due to the constraining effect and as a 
result, oriented martensite transformed to parent phase and the rest of the martensite 
reoriented.  
It has been reported that the generation of recovery stress increases almost linearly 
with the increase in temperature for NiTi SMAs [54]. The difficulty is to determine 
accurately the rate of recovery stress generation because of the involvement of many 
factors such as pre-straining procedures. It was found that not only is the transformation 
from B2 to B19’ structure involved in the recovery stress generation but also the B2 to R 
and vice versa transformation [23]. This observance is in consistency with the study on 
heat treated NiTi SMA wires which showed that the generation of maximum recovery 
stress increases with the increase of temperature of heat treatment [55]. Sadiq et al. 
investigated recovery stress in Ni55Ti45 and reported that recovery stress increases with pre-
straining technique only up to a point beyond which increase in pre-straining has hardly 
any effect on recovery stress generation and heating the material over 600°C is followed 
by dramatic decrease in recovery stress generation [50]. This is also in consistency with 
the research performed by Li et al. reporting a similar behavior with the increase in 
recovery stress with 4 to 8 % pre-straining followed by a decrease with further increase in 
pre-strain in Ni50.2Ti49.8 (at.%) [56]. This recovery stress phenomenon is used in many 
industrial applications such as fastening and joining and in actuating application [57], [58], 
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rock breaking/splitting [47], large-size concrete framework bending [59], shape memory 
alloy hybrid composites and reinforced composites [53],[60] surgical equipment, etc.  
The process of generation of recovery stress under constant stress and constant 
strain has been explained by K. Takeda et. al [61] using Ti-50.95at%Ni shape memory 
alloy. In that study, it has been found that when keeping the stress constant, the loading 
process results in increase in strain value after the martensitic transformation starts with 
the increase in temperature due to the process being exothermic while the unloading reverse 
transformation results in endothermic process as there is decrease in the temperature. As 
usual, every process has a downside and recovery stress generation is no exception. On one 
hand, this process makes it possible for SMAs to be used as fasteners, clamps and 
connectors but on the other hand, this process involves the material to be exposed to high 
temperatures for long duration due to recovery being constrained. Such an exposure for 
several hours might adversely affect the structural integrity of the material and 
considerably decreases its service life. Hence, X. Yan and J. V. Humbeeck [51] studied the 
significance of pre-strain and effects of temperature on the generation of recovery stress in 
NiTi SMA wires. Similar results as before were revealed in this study that the recovery 
stress increases with the increase in pre-strain up to a certain point but decreases upon 
further increase in temperature and pre-strain which may be because of the formation and 
movement of various dislocations. It was concluded that the introduction of dislocations in 
the microstructure was due to the increase in pre-strain whereas the movement of those 
dislocations was due to the increase in temperature. 
It has been known that there are many different parameters and properties that 
condition the application of SMAs in commercial and industrial fields. These properties 
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include superelasticity, shape memory behavior, ductility, strength, free recovery, recovery 
stress generation also known as constrained recovery, and Fthe parameters include easy 
manufacturability of SMAs, lower cost per performance/function advantage, etc. This is 
the reason why NiTi SMAs are so widely used among all other SMAs. Recovery stress 
generation is less explored but an important property of SMAs based on which many 
different applications have been designed. Some of these ideal applications will be 
discussed below. 
 There are three types of recovery. Hence, the applications based on the recovery 
stress can be categorized into three different types. The first type is the normal recovery 
where a material, bent into any shape, can be brought back to its original shape by heating. 
The other type is the constrained recovery which is the primary concept used in this 
research. The shape memory element, which underwent a phase transformation, is not 
allowed to go back to its original shape when heated. The third type is the application where 
the superelastic concept is utilized and actuators or coils which can lift the weight of the 
object when heated. This phenomenon is mostly used where a heavy object has to be dealt 
within a constrained space. It has been reported several times that applications where the 
constrained recovery is used, some degree of normal recovery is also present, regardless 
the recovery stress generation is the main phenomenon used in those applications. It has 
been reported that constrained recovery is essentially a by-product of free recovery, the 
difference being, the SMA alloy is not allowed to transform back to its original shape which 
in turn, generates high recovery stress. 
J. V. Humbeeck [62] c explained important applications of recovery stress 
generation. Constrained recovery, where the material has been deformed and not allowed 
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to recover resulting in high force, is the main aspect behind SMA couplers and fasteners. 
A coupler manufactured to hold together hydraulic tubing would get rid of the downsides 
of a regular coupler or become soft and result in leaking. One such application has been 
done by Raychem in the F-14 Tomcat U.S. fighter jet. The concept of stress generation to 
do work has also been used in manufacturing rock breaker/splitter. This equipment utilizes 
Ni-Ti shafts that are pre-strained with the ability to generate 950 MPa recovery stress upon 
heating and is installed in a deep, narrow hole in the ground. When used to break rocks, a 
SMA rock splitter is much better compared to conventional breaking devices or blasting 
methods. It can also be used underwater as well as in air [63]. It has been explained in [62] 
that the ways SMA with high stress generation can be used in manufacturing hybrid 
composites which in turn can be used to develop plates. Wires are constrained and fitted 
inside the matrix and are heated with the help of resonance produced through the vibration 




2 Chapter Two: Experimental procedure: 
 
2.1 Introduction  
A polycrystalline Ni50.3Ti29.7Hf20 (at. %) alloy, a polycrystalline Ni49.9Ti50.1 (at.  %), 
and Ni50.3Ti29.7Hf20 single crystals were used in this study. The single crystals were 
manufactured by vacuum induction melting in Helium atmosphere and then grown by the 
Bridgman technique utilizing a material that is previously alloyed with marginal 
composition of Ni50.3Ti29.7Hf20 (at. %). Inductively coupled plasma atomic emission 
spectroscopy was used to verify the composition of the as-grown single crystals to be equal 
to the nominal composition within the ambiguity of the measurement technique. The 
material Ni49.9Ti50.1 was hot rolled and hot straightened in the form round cylinder of 10 
mm. The Furnace-cooled Ni50.3Ti29.7Hf20 were homogenized in a vacuum furnace for 48 
hours at 1000 °C by furnace cooled. The nominal rate of cooling between 950 °C and 800 
°C was 10 °C /second plunging by 600 °C which is half of that rate.  
2.2 Material Fabrication and Preparation 
The samples used for the compression experiments of the size 4 x 4 x 8 mm3 were 
cut with Electro Discharge Machining (EDM) in a way that the compressive axis of these 
single crystal samples were either along the [1 1 1] , [1 1 0] or [1 0 0] orientations. Figure 




Figure 2-1 KNUTH Smart EDM [13] 
 
2.3 Thermo-mechanical Tests 
MTS Landmark Servo-hydraulic test frame, which is shown in the figure 2-2 below, 
was utilized for carrying out the thermo-mechanical compression experiments with custom 
compression grips as well as keeping the sample length constant for stress generation 
experiments. The strain rate of 10-4 sec-1 was utilized at the time of loading whereas a rate 
of 50 N/sec was used while unloading under force control. The amount of force applied 
was determined with a 100 kN capacity load cell. An MTS high temperature extensometer 
was utilized to calculate axial strain with a 12 mm gauge length that was connected to the 
upper and lower grips. A PID-guided Omega CN8200 Temperature Controller was utilized 
during thermal cycling for heating and cooling of the materials which was done by 
conduction through the compression plates at a rate of 5°C min-1 and 10°C min-1 
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respectively. The material was heated through the means of mica band heaters back fitted 
to the compression plates while the cooling was done by the means of flow of liquid 
nitrogen within the compression grips. Also, a total of three thermocouples were connected, 
two to the upper and lower grips of the MTS and one to the sample to display real time 
temperature data at the time of experiments.  
 







The transformation temperatures for each orientation of Ni50.3Ti29.7Hf20, the furnace cooled 
Ni50.3Ti29.7Hf20 and Ni49.9Ti50.1 were previously reported [30][64][65] as follows: 











[1 1 1] 
76 112 98 157 
Ni50.3Ti29.7Hf20  
[1 1 0] 
78 119 116 171 
Ni50.3Ti29.7Hf20   
[1 0 0] 
76 116 116 167 
Ni49.9Ti50.1 49 73 86 109 
Ni50.3Ti29.7Hf20 
Furnace-cooled 
128 158 160 189 
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3 Chapter Three: Results and Discussion 
 
The figure below shows a schematic diagram of the changes in microstructure of the 
material during the recovery stress generation procedure. Such experiments consist of three 
steps as shown in the figure.  
 Step-1 shows the sample between the MTS grips. When the stress is applied 
(Loading) at a temperature below Mf, the martensite starts re-orienting. Due to loading, 
there is a mixture of re-oriented martensite and self-accommodated martensite in the 
material. Additionally, when the stress is applied (Loading) at a temperature above Af, the 
austenite starts transforming into oriented martensite. As a result of this, a mixture of 
oriented martensite and austenite might be present in the sample during the superelasticity 
tests.  
 Step-2 takes place after loading. After the material is loaded, it is either unloaded 
and then its length is fixed or in superelasticity experiments, its length is kept fixed upon 
loading. Going from Step-2 to Step-3, the material is heated above Austenite Finish (Af) 
temperature while the strain was kept constant. During the heating of the material, initially, 
there is minor change due to thermal expansion. Once the temperature is above As, the 
material tries to transform into austenite and back to its original shape. But the strain is 
kept constant, hence it cannot transform and as a result, generates stress. As the stress 
increases, so does the elastic strain. During the stress generation experiment, the martensite 
could transform back to austenite along with some plastic deformation due to high recovery 
stress generation.  
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Hence, it can be said that the material is inclined to transform to austenite, but strain 
constraining it forces it stay martensite or elastically deform. Eventually, after the heating 
is complete, there will be two possibilities: (i) All the martensite might have transformed 
into austenite or (ii) There is some more reorientation of martensite that has previously not 
been re-oriented which results in a mixture of austenite and re-oriented martensite. There 
still might be a little bit of self-accommodating martensite left.  
 
 
Figure 3-1 Schematic Interpretation of Constrained Recovery in SMAs 
 
A schematic diagram has been shown below which explains the recovery stress 
generation procedure step by step.  
1. The sample is loaded under compression at room temperature (25°C) up to the pre-
selected strain values, ɛ = 2%, 4%, 6% and 8%, starting at a force around 5 MPa. 
2. The sample is unloaded as soon as they reach those strain values until the force is 
around 5 MPa. 
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3. The grips on the MTS machine is kept fixed after unloading under extensometer 
control.  The sample is now heated above austenite finish temperature (Af) while it 
is constrained by the fixed grips and not allowed to transfer to its original shape 
which results in recovery stress generation. The heating rate is 5 C/min. 
 
 
Figure 3-2 Schematic Diagram of Stress Generation Process 
 
4. After the transformation is visibly completed at a certain temperature (Above Af), 
the sample is unloaded at that temperature until the force drops to 5 MPa. 
5. Following the unloading, the sample is cooled to room temperature at a rate of 8 
C/min w. 
6. At this point, the sample is ready to go through processes (1) up to (5) with a higher 
value of strain  
 
Figure 3-3 below shows pre-straining cycles under different strain value at room 
temperature for the equi-atomic NiTi. The sample undergoes a typical stress induced 
martensitic transformation. As the strain increases, the sample starts deforming elastically 
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and then martensite starts reorienting. This reorientation can be seen as the region of 
“hardening”. As the sample is unloaded, elastic relaxation of martensite is observed. Every 
pre-straining cycle is followed by stress generation test which will be explained later. The 
sample was loaded till selected strain values from 2% to 8%. 
A few abbreviations that will useful are shown in the figure below: 
𝜀pre = Pre-strain value 
𝜀load = Value from where the pre-straining loading began 
𝜀actual = Actual strain value where the heating began 








Figure 3-3 (a) Pre-straining at room temperature and (b) Stress Generation at 
selected strain values in Ni49.9Ti50.1 alloy 
 
After the sample was loaded to 2% and unloaded, it was heated from room 
temperature to 200°C (above Af), and then unloaded and cooled down back to room 
temperature. During the heating of the sample, the length of the sample was kept constant 
after unloading. Initially, there is no stress generation, and a flat plateau is formed up to 
the start of the transformation. As soon as the martensite (reoriented due to pre-straining 
procedure) tends to transform back to austenite, the recovery stress generation starts with 
the increase in temperature. As the sample tries to transform to austenite but it is 
constrained and not allowed to transform back to its original shape (longer), additional 
stress is required to keep the constrained strain value. After a certain temperature, the 
transformation of martensite to austenite is completed or elastic strain is huge or plastic 
strain is observed there is no significant increase in stress generation. At this point, the 
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sample is unloaded and cooled down back to room temperature. As seen in figure 3-3, the 
maximum generated stress for Ni49.9Ti50.1 at 2% is 180 MPa, 460 MPa at 4%, 562 MPa at 
6% and 620 MPa at 8%. This recovery stress increases with the increase in the pre-strain 
value.  
Similarly, figure 3-4(a) shows the pre-straining loading-unloading cycle for 
Ni50.3Ti29.7Hf20 single crystals oriented along the [111] direction. This response is the 
idealized single crystal response undergoing a martensite transformation. Initially, upon 
loading, the martensite deforms elastically. As the stress increases, this twinned (self-
accommodated) martensite transforms into detwinned (reoriented) martensite which might 
fully transform into a single crystal of austenite depending on the level of stress. Upon 
unloading, it follows the same path and transforms back into single crystal of martensite.  
Again, each pre-straining cycle is followed by stress generation process as shown 
in figure 3-4(b). In the case of this material, the Af is 160°C. Hence, the sample was heated 
from room temperature to 300°C in order to make sure that maximum generated stress can 
be recorded. As the temperature increases, the recovery stress increases and as it saturates 
after a certain temperature, the sample is unloaded and cooled down back to room 
temperature. Figure 3-4(b) shows the stress temperature curves for Ni50.3Ti29.7Hf20 [111]. 
The maximum generated stress is 250 MPa for 1% pre-straining, 850 MPa for 2%, 1140 







Figure 3-4 (a) Pre-straining of Ni50.3Ti29.7Hf20 at room temperature and (b) Stress 




Following the excellent stress generation results in the [1 1 1] oriented Ni50.3Ti29.7Hf20, 
a modified stress generation procedure was tried, only to check if the material can generate 
considerably more amount of recovery stress. This procedure includes complete 
superelastic cycle followed by loading the sample up to pre-selected strain values and then, 
heating the sample. Before starting the superelastic generation experiments, the sample was 
heated to 170°C which is above austenite finish temperature (Af) and hence, 170°C will be 
the minimum temperature for the following experiments. It is explained below: 
1.  The sample is loaded up to the strain of 4% under compression at 170°C.  
2. As the sample completes the martensite transformation, it is unloaded until the force 
reaches back to 5 MPa, completing one full loading and unloading cycle. 
3. Now, the sample is again loaded at 170°C up to pre-selected strain values, ɛpre = 
1%, 2%, 3% and 4%. 
 
 
Figure 3-5 Schematic Diagram of Modified Stress Generation Procedure 
 
4. The sample is now heated from 170°C to 300°C while being constrained at the pre-
strained value in order to generate recovery stress. The heating rate is 5 C/min. 
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5. After the transformation is visibly completed at around 300°C, the sample was 
unloaded till 5 MPa. 
6. Following the unloading, the sample is cooled down to 170°C  at a rate of 8 °C /min 
with the help of liquid nitrogen. 
7. At this point, the sample is ready to go through processes (1) up to (6) with higher 
pre-strain values.  
 
Pre-straining superelasticity tests are carried out as shown in figure 3-6(a) in which the 
material was loaded to 4% and upon unloading, the material transformed back to austenite 
as the test temperature was above Af. Each SE test is followed by loading the material as 
shown in figure 3-6(b) to pre-selected values of strain. After the loading process, instead 
of unloading the material, it is being heated while constraining the length of the material 
(not allowed to transform back to its original shape) generating recovery stress. This 







Figure 3-6 - (a) Superelastic response of [111] oriented Ni50.3Ti29.7Hf20 and (b) 





Figure 3-7 - Stress vs Temperature in [111] oriented Ni50.3Ti29.7Hf20 from 170°C  to 
300°C  
 
Hence, in [111] oriented Ni50.3Ti29.7Hf20 single crystals, Maximum working stress 
(MWS) after heating were 1050 MPa, 1380 MPa, 1550 MPa and 2000 MPa for the induced 
strain of 1%, 2%, 3% and 4% respectively while for the same amount of induced strain, 
the recovery stress generated was 550 MPa, 660 MPa, 670 MPa and 300 MPa respectively 




Figure 3-8 - Stress generation in Ni50.3Ti29.7Hf20 [111] above Af temperature 
 
It can be seen from the figure 3.6 (a) that the last superelastic cycle showed some 
irrecoverable strain i.e. plastic deformation. The corresponding unloading curve seen in 
figure 3.8 is also different from the others. All the other unloading curves are straight line 
which can be attributed to the transformation from martensite to austenite being complete 
while the unloading curve in the last cycle is observed to be a curve. This may be attributed 
to the material being exposed to very high level of strain in the superelasticity cycle due to 
which slight plastic deformation was induced and to fully transform the martensite to 
austenite, a much higher temperature might be needed. It is generating much higher 
maximum recovery stress, of the order of 2 GPa. Hence, higher stress leads to higher elastic 
strain and in that case, it might need to go much higher temperature for transforming 
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completely to austenite. Therefore, this curve probably represents a mixture of austenite 
and reoriented martensite.  
The difference in the amount of recovery stress generated between Figure 3-4(b) (1240 
MPa) and Figure 3-8 (2000 MPa) can be attributed to the difference in the detwinned/re-
oriented martensite in the [111] oriented Ni50.3Ti29.7Hf20 single crystals. Since, the stress 
level that the material was exposed to and also, the temperatures at which the heating was 
started was larger in the modified tests compared to the normal stress generation tests, it is 
feasible to consider that some further re-orientation or stabilization of martensite could be 
realized in the material. Hence, this additional deformation could increase the amount of 
recovery stress generated. This is because the stabilized martensite would need further 
energy for austenite transformation [59] and would generate higher stress as a result of 
extra strained/oriented martensite plates.  
It can be clearly said from Figure 3-8 that the recovery stress, initially increased with 
the increase in strain followed by a decrease with increase in transformational strain. This 
discovery is in good agreement with the previously reported research on Ni44.7Ti46.3Nb9 
[60] and Ti50.2Ni49.8 [59] where the recovery stress, at first increases with pre-strain up to a 
certain value and then, decreases with further increase of pre-strain. The decrease in 
recovery stress was attributed to the introduction of dislocations in the microstructure with 
the increase in induced strain [59], [60]. Recovery stress increase with the amount of 
oriented martensite. Since, with increasing pre-strain, there is further re-orientation of the 
remaining martensite and plastic deformation of the microstructure, oriented martensite 
decreases, decreasing recovery stress.  
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After getting very high maximum recovery stress from the [111] oriented 
Ni50.3Ti29.7Hf20, one more procedure was tried. Since, it was noticed that changing the 
procedure of pre-straining changes the amount of recovery stress, it was decided to explore 
different methods as no one knew what would happen if some of the parameters were 
changed. The result might be useful for real world applications. Hence, the difference in 
these experiments is that the pre-straining procedure was stopped at halfway point, once at 
2.08% during the loading cycle with heating starting at 2.32% strain and then, at 2.02% 
strain during the unloading cycle while heating starting at 1.9% strain. 
The resulting amount of maximum working stress and recovery stress generation was 
compared. As it can be seen in the figure below, it was observed that, it doesn’t matter 
whether the pre-straining process was stopped during loading or unloading as long as the 
strain value is kept equivalent the  Maximum Working Stress  remains almost same in both 
the experiments. The slight increase noticed in the first figure might be due to the error 
(gap) in the test machine. As far as the recovery stress generation is concerned, the test 
with the pre-straining process stopped during the loading, resulted around 700 MPa and 
the one with the pre-straining process stopped during the unloading, resulted at around 1 
GPa of recovery stress. This difference might be attributed to the observation that it doesn’t 
matter if the pre-strain is 1% or 3%, the heating results in the same end points. Hence, even 
if the recovery stress generation is different, the Maximum Working Stress (end points) is 







Figure 3-9 - Stress generation in Ni50.3Ti29.7Hf20 [111] above Af temperature after 
stopping the pre-straining process halfway during the loading as well as the unloading 
cycle. 
Figure 3-11 (a) and (b) below shows the pre straining cycles for Ni50.3Ti29.7Hf20 
polycrystals and recovery stress generated after pre-straining respectively. The maximum 
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generated stress from figure 3-11(b) is 30 MPa, 200 MPa, 192 MPa and 300 MPa for the 





Figure 3-10 (a) Pre-straining response of Ni50.3Ti29.7Hf20 polycrystals and (b) 
Stress-Generation in Ni50.3Ti29.7Hf20 polycrystals at room temperature  
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Figure 3-12 (a), (b) and 3-13 shows the pre-straining cycles for Ni50.3Ti29.7Hf20 single 
crystals oriented along the [110] orientation, under different conditions. As seen in the 
figure, the sample was first thermally cycled under 100 MPa and 300 MPa from room 
temperature to 230°C (Above Af). It is clear from the figure that even after constant stress 
thermal cycling under 100 MPa and 300 MPa, and loading up to 3% induced strain, the 







Figure 3-11 Constant stress thermal cycling and (b) Pre-straining response under 
100 MPa at room temperature in [110] oriented Ni50.3Ti29.7Hf20 
 
 
Figure 3-12 Pre-straining response in Ni50.3Ti29.7Hf20 [110] under 300 MPa 
 
Similarly, Ni50.3Ti29.7Hf20 single crystals along the [100] orientation was also thermally 
cycled under constant stress of 50 MPa and 300 MPa with each thermal cycle followed by 
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pre-straining up to pre-selected values of strain. Figure 3-13(a) shows the pre-straining at 
room temperature, but there is no transformation. Hence, the material was thermally cycled 
as shown in figure 3-14(b) and 3-15(a) and loading-unloading responses were recorded. 
Even after that, the material did not show any indication of transformation. As seen in 
figure 3-15(b), three additional shape memory tests were conducted at 140°C temperature 
up to 3% induced strain with the same result. The Ni50.3Ti29.7Hf20 [100] did not show any 
martensitic transformation even above Af as shown in figure 3-16. Hence it was thermally 







Figure 3-13 (a) Pre-straining at room temperature and (b) Constant stress thermal 








Figure 3-14 (a) Pre-straining after constant stress thermal cycling and (b) Loading-
Unloading at 140 0C in [100] oriented Ni50.3Ti29.7Hf20 
 
 




This behavior of Ni50.3Ti29.7Hf20 [100] is in good agreement with the research done 
by S.M. Saghaian [66] where this same material didn’t show any superelasticity even after 
solutionizing the material for 3 hours at 900°C and aging at 550°C for 3 hours but the same 
material showed almost perfect superelasticity after being aged at 650°C for 3 hrs. 
Therefore, aging is proved to be an effective way in order to generate recovery stress in 
this material. It can be also be seen from Saghaian’s [66] research that the Ni50.3Ti29.7Hf20 
oriented along [110] direction showed perfect superelasticity after being solutionized at 
900°C for 3 hrs. Therefore, as reported by S.M. Saghaian, the reason why both [100] 
oriented samples don’t show superelasticity could be the amount of stress required for 
martensitic transformation being higher than the amount required to induce slip because of 
large Clausius-Clapeyron slope. And, the same reason can be attributed to the lack of 
superelasticity encountered in NiTiHf [110]. 
 
Figure 3-16 One of the unloading cycles from NiTiHf [111] stress generation 
experiments 
The above figure shows one of the cycles from stress generation experiments in 
NiTiHf [111]. After the material reaches the 300 C, it is then unloaded until 5 MPa which 
is shown by the straight linear line from 2.4% to 0.9%. The insert line in the middle of the 
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unloading line is used to calculate the unloading modulus and this modulus is at high 
temperature as the sample is still at 300 oC and the cooling process starts after the unloading 
process completes. The modulus for NiTiHf [111] was calculated to be 87.5 GPa while the 








Figure 3-17 Comparison between calculated and experimental stress generation 
values plotted (a) with respect to εactual and (b) with respect to εdiff. 
 
The stress generation can roughly be predicted by using the  Hooke’s law with the 
Elastic modulus values determined from high temperature unloading curves.  If the material 
is strong and plastic deformation was not observed, 𝜀
actual
 can be used to predict the 
generated stress. However, when the material is weak and plastic deformation is expected 
𝜀
diff
 could provide better results.   
The figure 3.16 shows the comparison of experimental values of stress generation with 
calculated values. The figure (a) shows both of these values plotted with respect to actual 
strain (𝜀actual) while the figure (b) shows these values plotted against the difference in strain 
(𝜀diff).  For  Figure 3.16 (a), the formula used is: 𝜎
calc
=  𝐸 ∗ 𝜀
actual
   where, 𝜎
calc 
= Calculated 





=  𝐸 ∗ 𝜀
diff
. The tables below show all the strain values extracted from stress 
generation via martensite reorientation results shown before as well as experimental and 
calculated stress generation values for all the alloys. 















2% 0.0 1.4 1.4 200 630 
4% 1.7 3.3 1.6 456 720 
6% 2.9 5.2 2.3 567 1035 
8% 4.4 7.0 2.6 620 1170 
 















1% 0.00 0.18 0.18 35 33 
2% 0.60 0.95 0.35 195 66 
3% 0.55 1.05 0.60 205 115 
4% 0.80 1.60 0.80 292 184 
 















1% 0.0 0.23 0.23 290 210 
2% 0.4 1.0 0.60 850 522 
3% 0.4 1.6 1.22 1140 1044 




It can be clearly seen in the figure 3.16  that the calculated values for NiTi are much 
higher than the experimental values in both the graphs (a) and (b),. This behavior can be 
attributed to the high plastic deformation occurred during the  stress generation 
experiments in NiTi. On the contrary, the calculated values are a bit lower than 
experimental values in NiTiHf polycrystals. This behavior can be attributed to the fact that 
during the stress generation experiments in this alloy, we only pre-strained the material up 
to 4% (Figure 3.10) which is considered low for NiTiHf. As a result, there is no plastic 
deformation in this alloy and since, thermal expansion is not considered for the 
calculations, these discrepancies can be seen.  
In the case of NiTiHf [111] alloy, the calculated and experimental values match 
quite well until around 1 GPa after which the difference between them increases. This can 
be again attributed to plastic deformation being induced after 4% of pre-strain. The idea 
here is to check whether performing just one stress generation cycle can help to predict the 
stress generation capacity of the material due to martensite reorientation with the help of 
modulus and pre-strain. Hence, it can be said that for a strong shape memory alloy such as 
[111] oriented NiTiHf, it is possible to predict the stress generation as long as plastic 
deformation can be omitted.  
One significant thing to note here is neither the thermal expansion nor the strain 
due to plastic deformation is considered here for the calculation purposes. The temperature 
range of this kind of experiments is quite large due to which, there always will be thermal 
expansion. However, during cooling of the samples, two-way shape memory effect and 
change in elastic modulus can be observed which complicate the determination of thermal 
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expansion strain. Therefore, the reason why the calculated values for stress generation are 
less than experimental values can be attributed to the neglecting the thermal expansion and 
two way shape memory strains. It is known that, to accurately predict the stress generation 
in a alloy, one must start every cycle with a fresh sample of that alloy. This is because 
every time a shape memory alloy is cooled after heating, it gets trained and hence, there 
might be a possibility that there is reoriented martensite present after the cooling cycle 
completes and before another stress generation (with higher pre-straining) cycle starts. 
With a fresh sample, one can be sure to have self-accommodated martensite present before 
the start of a stress generation experiment and therefore, can predict the amount of stress 
generation almost accurately, with the help of modulus and pre-strain amount.  
From both the figures (a) and (b), it can be clearly said that the calculated values 
with 𝜀
diff
 are more accurate when compared to the ones calculated with 𝜀
diff
. This is because 
𝜀
diff
 is the difference between the strain values at the point where the loading starts and the 
unloading comes back to, while 𝜀
actual
 is the value at the point where the unloading process 
comes back to. Therefore, stress calculated with respect to 𝜀
diff
 is more accurate as the 𝜀
diff
 
is the value which the material is strained with when the heating process starts while 𝜀
actual
 
is the total strain from zero value (when the first cycle starts) and doesn’t consider the point 
where the actual loading for that cycle began. Hence, calculated stress generation values 
with 𝜀
actual
 will be same as that calculated with 𝜀
diff
 only for the first cycle, after which 
stress values with respect to 𝜀
diff




Figure 3-18 A cumulation of all the results of stress generation experiments in this 
study plotted. 
 The figure above sums all the results from the stress generation experiments 
performed in this study. It plots the amount of stress generated due to martensite 
reorientation with respect to 𝜀
diff
 while the maximum working stress and stress generation 
in superelastic experiments are plotted with respect to total strain. As discussed earlier, the 
superelastic experiments involve interrupting the pre-straining loading at certain strain 
values. Hence, the total strain in these experiments is the difference between the strain 
values at the point where the loading process was interrupted and the point where that 
loading process began. The values for total strain along with stress generation as well as 
maximum working stress is given in the table below:   
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1 1.00 400 1050 
2 2.00 630 1380 
3 2.30 580 1400 
4.5 3.00 430 1550 
6.5 3.75 300 2000 
 
 The figure shows how the stress generation increases with pre-strain initially, but 
after the second point, it starts decreasing with increase in pre-strain. The yellow line 
represents the Maximum working stress in superelastic experiments in NiTiHf [111] and it 
can be seen that it matches quite well with the black line which is the stress generation due 
to martensite reorientation in the same material. The amount of stress generated as well as 
the maximum working stress in the experiments involving interrupting the loading process 
once in the middle of loading and then in the middle of unloading are also shown with pink 
and green points, respectively. Hence, it can be said that these values correspond well with 
the generation in previous experiments for the similar amount of pre-strain. The reason that 
the maximum working stress generated from the middle of unloading curve does not match 
is that there is no experiment like that in this study.  
 The superelastic stress generation experiments can help in extending the 
temperature range in shape memory alloys as a result of which temperature range above 
Austenite Finish (Af) can now be used for stress generation experiments. It is known that 
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for stress generation due to martensite reorientation, the material needs to be at low 
temperature. Therefore, we would need materials which can be strained before generating 
stress from them since, the materials that are superelastic at room temperature would 
recover completely and come back to their starting position. Instead, now, such materials 
can be strained and heated after interrupting the straining process to generate stress. The 
figure below shows a schematic diagram to understand the real-world application of this 
concept. 
 
Figure 3-19 A real-world application of the stress generation results obtained in 
this study. 
 
 During this study, it was found out that Ni50.3Ti29.7Hf20 [111] generated stress of 
the order of 1240 MPa (Figure 3.4) due to martensite re-orientation after a pre-straining of 
4%, which corresponds to 12.64 US tons per cm2. In the same way, Ni49.9Ti50.1 generated 
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stress of the order of 620 MPa (Figure 3.3) which corresponds to 6.32 US tons per cm2. A 
quarter dollar coin, shown in the figure above has a surface area of 4.6 cm2. Assuming that 
this coin is made up of Ni50.3Ti29.7Hf20 [111], then it can be said that the coin would be able 
to generate enough force to lift an entire Airbus 737 as shown in the figure. Moreover, in 
the superelastic stress generation experiments, it was discovered that the same material has 
the capacity to generate 2 GPa of maximum working stress. This value is quite useful as 






The recovery stress generation in Ni50.3Ti29.7Hf20 (at. %) high temperature shape memory 
single-crystals was investigated in compression and compared to Ni49.9Ti50.1 and 
Ni50.3Ti29.7Hf20 polycrystalline alloys.  
The following things were observed during this study: - 
• The stress generation depends on the amount of pre-strain as well as orientation. 
Maximum Working Stress of the order of 2 GPa was generated in [111] oriented 
Ni50.3Ti29.7Hf20 in superelastic stress generation experiments  
• [111]-oriented Ni50.3Ti29.7Hf20 generated stress of about 1.24 GPa in 
compression in the experiment with pre-straining via martensite reorientation. 
• The recovery stress in superelastic stress generation experiments increased with 
the increasing pre-strain up to a certain value but then started decreasing with 
increasing strain value. 
• The generated recovery stress levels in Ni50.3Ti29.7Hf20 [111] were much higher 
than both Ni49.9Ti50.1 (620 MPa at 8% pre-strain) and Ni50.3Ti29.7Hf20 (290 MPa 
at 4% pre-strain) polycrystals.  
• Superelastic stress generation give the ability to material operate at higher 
temperatures. Thus, the materials that are superelastic at room temperature can 
be used for stress generation applications.  
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5 Future Work: 
• The stress generation due to martensite re-orientation and superelastic pre-straining 
tests could be used in conjunction in real-world applications requiring wider 
temperature and stress operating range. 
• It was found from Dr. Saghaian’s research [64] that [110] and [100] oriented 
Ni50.3Ti29.7Hf20, that did not work in this study can be used for stress generation by 
solutionizing and aging as after these processes, both the materials started showing 
superelasticity. 
• It has been reported that stress generation increases with the increase in strength of 
the material. Aging and solutionizing has been known to be one of the most 
effective methods to increase the strength. The results from this work with as-
received alloys can be combined with Dr. Saghaian’s results to use them in 
conjunction to determine the stress generation in aged single crystals. 
• Since these alloys are very expensive and rare, they are very difficult to find and 
are not very feasible to use in real-world applications. It has been known that 
polycrystalline alloys can be textured to show similar properties to a specific single 
crystal as they are made up of grains scattered in different directions. Hence, the 
microstructure of the polycrystalline alloy can be tailored via processing methods 
such as wire drawing or additive manufacturing. 
• Hence, such textured polycrystals can be tested to determine if they can be used as 
a substitute to single crystals, therefore, reducing cost and increasing availability 
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